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PHYSIOL. BEHAV. 18t It 81 86, 1977. - Blood levels of glucose and insulin during meals and between-meal-intervals 
were measured in virtually undisturbed rats. After a peak due to glucose absorbed from the meal blood sugar soon reverts 
to the pre-meal level. Insulin shows a similar peak followed by a continuing decline so that just before lhe next meal it is 
lower than at any other time. In terms of the glucostatic theory this might mean that meals are triggered by a critical drop 
of insulin. However, intravenous infusions of glucose, resulting in continuously high insulin, do not affect timing or size or 
meals. Glucostatic factors probably are of minor importance in meal-to-meal regulation in the rat. However, they may 
subserve nutritional homeostasis on at least two other points. 
Food intake Plasma insulin Blood glucose 
AS EARLY as 1952, Mayer and Bates [16] and Mayer 
[171 proposed the glucostatic theory of the regulation of 
food intake, but even today the status of this theory is still 
controversial. The theory holds that  food will be taken 
when the ut i l izat ion of blood glucose by the organs of the 
body is insuff icient [ 17]. Several reports tallying with this 
theory were publ ished so far [1, 4, 8, 28, 16, 18, 20, 22, 
25].  Other  reports, however, did not agree with it [2, 3, 7, 
11,21[. As definite proof  that normal  food intake is 
regulated by a glucostatic mechanism is still lacking, we 
made another  at tempt to evaluate the validity of the 
glucostatic theory. 
The rate of glucose uti l ization depends of course on the 
presence in the blood of glucose itself, but for many kinds 
of cells it also depends very much on adequate levels of 
hormones facil itating uptake and uti l izat ion of glucose. Of 
these hormones  the most important ,  and the only one 
considered in this study is insulin. This may explain, 
assuming that results obtained in different species may be 
combined,  why a close correlat ion between food intake and 
rate of uptake of  glucose f rom the capillaries was reported 
tin man, [28]) ,  whereas on the other hand no significant 
drop of blood glucose concentrat ion heralds the meal (in 
the rat, [231 I. In terms of glucostatic theory,  this would 
indicate that the f luctuat ions in glucose uti l izat ion that 
govern food intake depend on f luctuat ions not of glucose 
itself, but of e.g. the insulin level. It is true then, that in the 
rat insulin reaches a lower level just before the meal than at 
any other  t ime since the start of the previous meal, also 
suggested by Smith [20] .  If so, glucose uti l izat ion may 
attain its lowest rate just before the meal in spite of the 
constancy of glucose. 
To investigate this question, blood samples were taken in 
the intermeal periods and examined for glucose and insulin. 
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It will be shown that  in rats kept on a normal diet lhere 
exists indeed a clear relat ionship between a low insulin level 
and the start of a meal. Hence, insulin might play a role in 
the init iat ion of feeding in the ad l ibitum situation. To lesl 
this idea, we subsequent ly raised the insulin level to values 
significantly above normal,  by systemic infusion of glucose 
between meals. If insulin plays an important  role in lhe 
init iat ion of feeding, the length of the intermeal period 
should be increased by this treatment.  In contrast,  if nn 
increase of the intermeal period is observed it can be 
concluded that  low insulin levels do not  play an importam 
role in the init iat ion of feeding under norinal ad l ihitum 
circumstances. 
MATERIAL AND METHOD 
Animals and Maintenance 
Male Wistar rats were maintained in individual plexiglass 
chambers (25 × 25 x 30 cm) at a room lemperature of 
20°C. Water was allowed ad l ibitum at all times. A standard 
diet (carbohydrate rich) providing 20!7~ protein,  53.5';  
carbohydrate,  4.5% fat and 2297 water, with added minerals 
and vitamins was available ad lib, unless otherwise statcd. 
This diet was presented in the form of a bar which could 
slide easily through a dispensing tube attached to one of lhe 
walls of the cage. The bar could be renloved from this 
dispenser after a meal and weighed without disturbing ltlc 
animal. Practically no food was spilled. 
Lights were on from 6 a.m. till 6 p.m. or from 2 a .m fill 
2 p.m. depending on whether  the exper iments were made 
during the rats' day or night, respectively. A habi tuat ion 
period of ten days was allowed after the change in lighl 
regime before the exper iments were resumed. 
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Blood Sampling and Systemic Infusion Teehnique~s 
General. To resolve the problems tated in the introduc- 
tion, techniques are required that do not disturb the 
animals. Therefore cannulas were inserted into the heart of 
the animals through the jugular vein using the technique 
described by Steffens [24].  When systemic infusions were 
performed the animals were provided with a double hear| 
catheter [24] allowing cont inuous intravenous infusions 
and blood sampling from the freely moving unanesthel 
ized animals. Here the method of Steffens [24t was 
modif ied in that the infusion cannula ended 3 mm 
downstream from the tip of the sampling cannula in eider 
to minimize the risk of contaminat ion of the blood 
sample with the infusion fluid. The swivel joint of Fipstein 
and Teitelbaum [5] used by Steffans [241 was replaced 
by a very small swivel joint [27].  
Rats were not used until they proved to be uninfluenced 
neither by the sampling or infusion procedure, nor by the 
presence of an experimenter.  (It often took subjects a 
habituation period of about one week to reach this state.i 
The exper iments were performed while the animals 
remained in their normal cages. The rats' feeding behaviour 
has marked diurnal rhythmici ty:  by far the greater part of 
food intake takes place in the dark, but low light intensity 
and high activity levels of the subjects make blood sampling 
difficult at that time. Therefore night observations were 
restricted to the points of special interest. 
During repeated sampling, stress on the rat due to loss oI 
blood was avoided by transfusing after each sample fresh 
el|rated blood taken from a donor rat by heart puncture 
and warmed to 39°C during 5 minutes. 
Glucose and Insulin Under Normal Conditions 
Twelve male rats of 350 g were used for the daytime 
exper iments and another group of nine for the night 
observations. The rats were prepared with heart catheters. 
Food was always available ad lib. 
From the start of each observation blood samples were 
taken at 20 min intervals as long as the rat did not begin to 
eat. The start of the first meal was indicated as time zero. 
After this, samples were taken at +5, +15, +25, +35 and 
+45 min. The results obtained under the same condit ions 
with different subjects and with the same subjects on 
different days were pooled. All determinat ions of a given 
substance falling within the period of 5 + 4 rain before time 
zero were pooled and their average was termed the level of 
that substance at ~-5 min. Similarly the values for - 25, 
45, -65 and 85 min were obtained through pooling 
measurements falling within 8 minute periods surrounding 
these points in time. 
Observations during day were started about 3 hr after 
the light went on and were continued if necessary until 
light out. At least one but more usually two intermeaI 
periods were thereby obtained during each observation. 
Night observations lasted from light out until 3 or 4 hi 
after. Subjects usually took three to five meals during that 
time. 
Ef[eets of Glucose lnjusion 
Six rats of about 350 g were provided with heart 
catheters. After the usual habituation period experiments 
were performed during the early hours of the night because 
the intermeal periods are short at this time. The start of the 
first voluntarily taken meal in ihe ~lghi v,a~ ,~,~t~5 !" ',i-,, ~ .: 
time zero. The observation perh~d !~sle,| ~iiJ ,hceu;! :, 'h.. 
second meal Meal size. meaI'dural ~; ~.'m d~l,~.~{i(,~ ~-  
intermeal period were nleasureo 
Three erudit ions wen, used r iu :  ..... ~ 4 
lntelmea[ period: 12) gltiCOSC i [h- i l ,  • I(F.- L'itlC,,-. • , 
saline infusion {0.9c~ Na('l~ 
I : ach  L l l l lma i  was OII\elVL>{I 7[ l t t  {tl~lt-~S l! +-(3n.l!~ 
tw'ice in (~mdi t ions  7] ~illd I .  H , . l r lous COllill{lOIl~ D,".!IL > 
presented ;,~ randonl clrd<-i 
The in fus ion  began tl iWayS !! :~ltc-l- l i l t '  t~l* Ill~ 
l irsl me<it. 
In tile present exper imenls rite end ,.)| |tit tl/¢;.lJ plo\.t.~, 
easily definable: once the rat turned away from !he !,~,,d 
bar rot al least {we I l l inu lea II J'tc~,dl s [ar led  }( 'ed ing LIgalII 
unlit at leasl aquar ter  o fan  hou~ h,.,d elapsed The ;nlus~<m 
was continued lie the end of the so'tend meal. l'wo ra lcsol  
nfusion were used. 16.7 aud 83.0  ._ 1 per nlln lan]ounlmf'. 
h] Iht case of glucose infusion .,. 1.67 and 8. t ,ng ,~I 
glucose per rain respectivelyl. 
thc h lood  samples were [dkt ' | )  ill a separate: ,, 
observations ]n order to avoid any risk oi- contusl09 l i l t '  
behavioral ~bservations h~ lhe slight disturbance ,, ~he 
animal bv lhe movements ot the observer {hal are neccssar} 
for sampling. 
iZivc rals el .150 g were pt'ovttted W]tll dotlbtc iledl'i 
catheters and were infused with !0":  glucose ar the .,ame 
rates a.~ tlsed in the behavioural expenmenls .  Blood samptc~ 
were drawn ai 10.0 ~start of the infusion}. I0. 20. ~tl. 41}. 
50_ 60. 70. 80 qend of the infusion~ minuie~ "lnd cxainmcd 
foi glucose and insulin. Twn cc}l] lrt)]  experimenls ~trre 
included in which no lilt[ USl()! Bay; , ' i c r to r l l l ed  a rid :in, ,~ her 
in which a saline infusion oi 83.O ,~I ,a.as given 
('hel?iHa[ De[{.rtllltla[iOll.~ 
Fhe blood samples were lmmedtalely chilled and c.~.>nIli 
fuged at 4'-{.'. Blood glucose was measured by the ferricya- 
nidc method of t lof fman in <, Tecimicon Anloanalv/ei  
on a sample of 50 ~xl blood. For insulin determinat ions ,he 
plasma samples were stored at .-30 ( .  Plasma insulin was 
determined according to the method ot Hales and Randle 
[6] using a ral standard insulin. The assays were perfnrmed 
using an lmmunoassay kil (Radiochemical Centre .\mer- 
shalnL [)uplicale assays were performed on 25 u| <mlple, 
of plasma. The reliability of lhe m~lnunoassay can h:' 
judged from the mean standard deviation el duphc;Jtc 
binding percentages of 8 assays ~2(I samples eachL 1 I ~ 
0.08 uU m] IMean SEMi 
Stallsileal t;'vaiuatinpl 
l.or slatislical evaluation of the iesults Stuclenf'> ,,H~' 
samgle t-test was used unless otherwise stated, hi Ihc 
figures and lames, the mean vatueq : SEM are presente..l 
Rt:]S1J L'fS 
Glucose and Insulin Under Normal ('onditions 
Figures i and 2 survey the average levels ot insulin and 
glucose at various times during day and night respectively. 
These figures were constructed as follows. For each 
experimental condit ion the mean duration of the interval 
separating two meals was calculated, Each figure contains 
two meals separated along the abscissa by a distance 
corresponding to this mean interval. Averages of all dala 
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TABLE I  
MEAL SIZE, MEAL DURATION AND DURATION OF MEAL  INTERVAL IN DAY AND NIGHT 
Number of Mean Duration Size of Duration of Meal 
Animals Meals Meals (min) Meals (g) Interval train) 
Day 12 18 4.3 + 0.3 1.6 + 0.1 180 + 19 
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FIG. 3. The change in insulin level preceding individual meals. The 
figures denole individual rats. Meal during day. Change from -25 1o 
-5 rain. 
obtained at time +5 till +45 are plotted to the right of the 
first meal, averages of all data for - 5 till 85 are plotted to 
the left of the second meal in tile figures. In this way the 
figures give a reasonable approximation of the course of 
glucose and insulin levels over the enlire meal-to-meal cycle 
(see Table 1 for the duration of the intermeal intervals). 
After the Start of  the Meal 
(a) Glucose. The meal causes a strong transient rise of 
the glucose level both during day (Fig. 1) and night tFig. 
2). Blood sugar concentrat ions reach a peak at about +15 
min, and return to base line at about +35 rain. I)urin,e 
night, the anaplitude of the peak is smaller, and its rising 
flank less steep. 
(b) Insulin. Ingestion of a meal causes a rise in plasma 
insulin, but extent and time course of lifts rise are m~l lilt' 
same during night and day. In the case of night mea l  It:ig. 
2) insulin returns to the premeal evel much sooner than in 
that of day meals (Fig. 1 ). 
Changes Be/bre the Start o.t the Meal 
The premeal period is the special point of interest. As 
Figs. 1 and 2 show the glucose level does not significantly 
decrease during the last 30 rain before the meal, but tilt' 
insulin level is lower just prior to the lneal (time 5 mini 
than at any other time since the start of the previous meal  
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TABLE  2 
EFFECTS OF GLUCOSE INFUSIONS ON MEAL SIZE. MEAL DURATION AND DURATION OF THE INFERMEAI, PERIOL:, 
Meal 1 Meal 11 
Duration Duration Duration of the 
Size (g) (min) Size (g) (rain) Intermeal Period Imin~ N 
Without infusion 1.8 _+ 0.2 3.5 ± (1.4 l.g ± 0.2 3.5 -_~ 0.3 43.7 e 3.3 ~g 
Saline 16.7 ~ I/min 2.0 ± 0.2 4.0 ± 0.3 2.2 ± 0. l 3.9 +_ 0.3 50.0 -± 7.~ ~2 
Glucose 1.67 mg/min 2.1 ± 0.2 3.8 ± 0.5 1.9 ± 0.1 3,4 £ 0,3 St.7 ± 4.4 12 
Saline 83 ~ l/min 2.0 _+ 0.2 3.5 + 0,3 1.9 ± 0.2 ~.4 )- 0.4 5(/.9 = 6.9 !2 
Glucose 8.3 mg/min 1.6 ± 0.2 3.1 ± 0.3 1.8 ~- 0.2 3.(l ± 0.4 47.5 ± 4,4 ]2 
. ' emo-  
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FIG. 4. Variation within and between indivuals of the duration oI 
the intermeal period. The conditions are I:no infusion, lI: saline 
infusion lml /h r ,  IlI: glucose infusion 1 ml /hr ,  IV: saline infusion 5 







1.67 ~g/m n 
"~ ~:~i-:i~!~ i~:~i~i~i~i~i~i~:~:~i i:.:..::  : i~!: iiiii: i  ~]  
! 
-I0 0 10 20 30 40 50 60 70 80 






FIG. 5. Effect of  glucose infusion (1.67 mgjmin) on peripheral 
glucose and insulin levels, o------~ -,- insulin, e ~  - glucose. 
FIG, 6. Effect of glucose infusion (8.3 mg/min) on peripheral 
glucose and insulin levels. ~ . . . . .  insulin, e- -- --e ~tucost' 
tP values for the  d i f fe rences  between observat ions  at 25 
and 5 rain are < 0 .025 and <" 0 .0 t  respect ive ly ,  sign, Te~ ). 
F igure 3 shows  that  also in the greal  ma jor i ty  o f  ind iv idual  
dayt ime meals  insul in at t ime -5 is lower than  at t ime 25 
The same holds  for n ight  meals .  
A l though they  do  not  bear  on the  main  prob lem raised 
m this paper ,  yet  some d i f fe rences  in b lood  levels o f  g lucose 
and insu l in  among the  exper imenta l  cond i t ions  are wor th  
ment ion ing .  There  are d i f fe rences  in insul in  levels at t ime -~ 
between day and n ight  122.9 - 2.9 and 32.4  - 3.0 ~ l r !ml  
p - ,0 .0251.  The  g lucose  level in the n ight  at th is  n ine  is also 
h igher  than  in the day ,124 .5  -- 2.9 and  114.2 2~ 
respect ive ly  p< 0 .05)  An exp lanat ion  o f  these d i f fe rences  ,s 
d i f f icu l t  to give but  cer ta in ly  the increase o f  food  in take  m 
the n ight  will result  m an increase o f  carbohydrate  
absorpt ion  by the in tes t ines  resu l t ing  m h igher  mean 
g lucose levels than  in the  day  t ime.  This  will then  be 
respons ib le  for  the  h igher  insu l in  levels [ 261.  
Effects of Glucose Infusion 
The  resu l ts  o f  these  exper iments  are presented  in Table 2 
and  Figs. 4 and  5. There  was no  s ign i f i cant  d i f fe rence  in 
durat ion  o f  the  in termea l  per iod  between g lucose  and  sal ine 
in fus ions .  Fur ther  no  rel iable d i f fe rences  were observed  
between the  two  t reatments  in the amounts  ingested  in the  
second mea l  (Tab le  2). The  var iat ion both  w i th in  and 
INSULIN AND FEEDING TIME PATTERN 85 
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FIG. 7. Effect of sampling on peripheral glucose and insulin levels. 
----~, insulin, • • - glucose. 
between individuals of the durat ion of the intermeal  period 
is presented in Fig. 4. This figure shows that the variat ion 
within individuals does not markedly differ from that 
between individuals for the dif ferent condit ions investi- 
gated. 
Figure 5 shows that  the glucose and insulin levels during 
infusion of 1.67 mg/min glucose increase slightly and stay 
on a level just above the base line. Figure 6 shows that  with 
a dose of 8.3 mg/min glucose and insulin increase during 
the first twenty minutes to relatively high levels, after 
which a certain stabi l ization takes place. 
Figures 7 and 8 show the results of control  exper iments 
in which respectively no infusion and infusion of 83 
,U /min  of saline was given. These figures show that  there 
are no marked variat ions in glucose or insulin plasma levels. 
DISCUSSION 
For elucidating the control  of food intake the signals 
causing both  start and stop of meals must be clarified. 
However, only the start of meals will be considered here for 
the fol lowing reasons: (1) Terminat ion of meals appears to 
be less precisely determined than their init iat ion [15,29] .  
(2) The blood changes induced by the meal are so rapid, 
and of so variable ampl i tude among individuals that  it 
becomes impossible to say at what values precisely the meal 
stops (this problem is aggravated by the prevailing ignor- 
ance of the latency of the effect of the possible stop 
signals). 
Figures 1 and 2 show that  the mean insulin level is lower 
just before the meal (t ime -5  min) than at any other  t ime 
since the start of the previous meal. 
Does this mean that  the falling insulin level controls the 
start of the meal? On this point  doubt  arises on considera- 
t ion of the data for individual rats (Fig. 3). There is great 
variability between the individuals. These facts are not  
compatible with the view that a critical insulin level is the 
sole determinant  of the init iat ion of feeding. 
However, it remains possible that  insulin is one of a 
complex of signals each more or less variable from one meal 
to the next, and that the value of this complex must fall to a 
critical level for feeding to begin. If so, manipulat ion of the 
durat ion of the insulin cycle should change the mean length 
of intervals between meals. Therefore we performed intra- 
venous glucose infusions in order to keep insulin high 
during the intermeal period. 
A few negative reports have been publ ished on the effect 
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FIG. 8. Effect of saline infusion (83 ul:min) on peripheral glucose 
and insulin levels, o - insulin, e---- -e glucose. 
amounts  of glucose in the rat [22] and the dog [7 l ,  
respectively. However, these observations were restricted to 
day-to-day regulation. As regards meal-to-meal control ,  it 
has been reported that in man [3] ,  dog [11] and monkey 
[2] a single intravenous inject ion of a large amount  of 
glucose immediately before feeding does not depress lood 
intake. Smith [22] ,  however, reported a suppression of food 
intake when rats were infused through a jugular veto 
cannula while bar-pressing for food. Blood insulin was nol 
measured in any one of these cases. 
The present data show that glucose infusions do nol in 
any way delay meals as compared with control  infusions. 
a l though the concentrat ions of both  glucose and insulin 
stay well above the levels seen at the start of meals under 
control  condit ions (especially during infusions of 8.3 mg 
glucose per min). Futhermore,  the size of the second meal 
was not  reliably inf luenced by the abnormal  glucose or 
insulin levels before and during this meal. 
The present exper iments therefore do not support  the 
view that in normal  ad lib condit ions insulin provides an 
important  signal for the init iat ion of feeding. Perhaps the 
pattern of meals under  these condit ions may be governed 
mainly by signals of gastrointestinal origin. Feeding of bt, lk 
nondigestible material  causes immediate satiation due to 
distent ion in various regions of the intestinal tract [ 12, 13 ], 
and distention, acting through gastric stretch receptors, 
activates the central hypotha lamic  satiety mechanism [191. 
That intestinal d istent ion may be even more important  lhan 
stomach filling was shown by Lepkovsky et al. [141 in 
exper iments with parabiot ic rats in which the digestive 
tracts were crossed surgically. 
To sum up, the weight of evidence of our exper iments as 
well as the publ icat ions cited above is that under normal ad 
l ibitum condit ions glucose uti l izat ion signals play either 11o 
role at all, or only a minor  role in the immediate causation 
of meals in the rat. 
However, this does not imply that glucostatic mechanisms 
are of no value at all in nutr i t ional  homeostat is  in this 
species. There are two points where they may be important .  
First there is convincing proof  [4, 9. 251 that under 
condit ions of dangerous hypoglycaemia glucostatic triggering 
of feeding behaviour acts as an emergency mechanism. 
Secondly, l ittle as we know what signals are responsible for 
the control  of feeding behaviour under normal ad l ibitum 
condit ions, the fact that caloric balance is maintained on a 
wide variety of diets proves beyond doubt  that  the 
responsible signals are cal ibrated in terms of calories. It is 
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conce ivab le  that  g lucose  ut i l i za t ion  s ignals prov ide the 
yards t i ck  for  th is  ca l ibrat ion.  We are now invest igat ing  this  
poss ib i l i ty .  
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